An acid dissociation constant of tetrabromophenolphthalein ethyl ester (TBPE) was determined through the measurement of electrophoretic mobility by capillary zone electrophoresis (CZE). Although TBPE is degradable in acidic pH region and it gradually degraded at pH conditions around and below its pKa values in the time scale of the CZE measurement, equilibrium species of interest were detected as a peak-shaped signal with tailing of the degraded species. Changes in electrophoretic mobility of the equilibrium species of TBPE were analyzed at its detectable pH range in the presence of phenol red as a mobility standard. An acid dissociation constant of 3.47 ± 0.06 (pKa, I = 0.01, 25 C, standard error) was determined for TBPE.
Introduction
Capillary zone electrophoresis (CZE) is widely used in the determination of equilibrium constants in solutions on the basis of precise measurements of electrophoretic mobility. 1, 2 Zone electrophoresis in a capillary realizes both the accurate control of temperature and high theoretical plate, and the equilibrium constants thus determined by CZE are precise and reliable. Since charged H + is transferred by protonation/deprotonation reaction, the charge of an analyte as well as its electrophoretic mobility changes depending on the acid-base equilibrium. It is noticed in the CZE analysis of acid dissociation constants that the analytes need not be of high purity. As measurements are made at a low concentration of analytes with even low solubility to water and suitable chromophores, only a small amount of analytes are used in the measurements, and exact knowledge of the concentration is not necessary for the mobility measurements. 1 Because of such advantages, CZE has become a popular method for the determination of acid dissociation constants (Ka).
1,2 Acid dissociation constants of benzoxazolinone and its analogues were determined by CZE and the data were compared with results obtained by potentiometry and spectrophotometry. 3 Acid-base dissociation constants of nucleotide analogues, 4 diastereomers of phosphinic pseudopeptides, 5 zwitterionic heterocyclic bases, 6 and cephalosporin antibiotics 7 were determined by CZE.
In addition to the prominent characteristics of pKa determination by CZE mentioned above, one of the authors (T. T.) has demonstrated another prominent feature that gradually degraded and irreversible species is resolved from the fast equilibrium species of interest. 8 Fast equilibrium species are detected as a dynamically averaged signal in the electropherogram as in usual CZE analysis, although the signal height of the equilibrium species decreases by the kinetic reaction as side reactions to the equilibrium. On the other hand, gradually degraded and irreversible species is continuously generated from the equilibrium species during the electrophoresis, and the signal is observed as a leading/tailing one from the main signal of the equilibrium species. As far as the equilibrium signal is detected by the CZE measurement, the equilibrium can be analyzed through the mobility change, even in the presence of kinetic side reactions such as gradual decomposition or degradation. This type of equilibrium analysis cannot be realized in an ordinary batch system. This is because the degraded products generated from the equilibrium species of interest necessarily coexist in the batch system and they interfere with the measurement of the equilibrium species. Further, generation of the degraded products changes the amounts of the equilibrium species over time, and changing amounts of the equilibrium species in the batch system also make the equilibrium analysis impossible. Thus, equilibrium analysis under the CZE separation method offers considerable advantages over traditional analysis using in the batch system. Acid dissociation constant of phenolphthalein is thus determined through the changes in electrophoretic mobility of the equilibrium species, where gradually degraded species at alkaline region is observed as a tailing signal. 8 Key points of this equilibrium analysis are that the target equilibrium is "sufficiently fast" and the kinetic side reaction is "moderately slow". That is, the equilibrium of interest should be fast enough to give an averaged peak-shaped signal. Degraded products as a result of the kinetic side reaction would give leading or tailing signals, but the kinetic side reaction should moderately be slow as to leave the CZE signal of the equilibrium species during the CZE separation in the time range of minutes. When the kinetic side reaction is too fast against the equilibrium, the equilibrium species are completely degraded during CZE and they are not detected.
Therefore, the present equilibrium analysis is applicable to such equilibrium as even in the presence of the kinetics reaction with moderate reaction rate by utilizing the separation principle of CZE in addition to its migration principle. Folestad et al. utilized the separation principle of CZE to determine acid dissociation constants of labile drugs. 9 Sladkov dealt with a kinetically labile uranyl-selenate system with variable temperatures. 10 Tetrabromophenolphthalein ethyl ester (TBPE, Fig. 1(a) ) is a useful photometric reagent concerning pH indicator and ion-association reactions based on its large molar absorption coefficient, spectrum change by acid dissociation, and high hydrophobicity as a monoanion. The anionic form of TBPE shows an absorption band around 600 nm, and its blue colorization has been utilized for the separation and determination of various hydrophobic cations. Berberine, 11 stimulant drugs, 12 and alkylamines 13 were extracted as ion-associates with anionic TBPE -into organic phase such as 1,2-dichloroethane. Color development with TBPE by the formation of ion-associates has been utilized in ion-pair chromatography 14 and ion-association titration in micellar solution. 15, 16 Flow injection analyses of protein in a micellar solution 17 and of methamphetamine coupled with solvent extraction 18 have also been proposed. Despite the practical applications of TBPE, acid dissociation property of TBPE has not been clarified yet. It is because the protonated form of HTBPE is less soluble in water and the ester moiety of TBPE is gradually hydrolyzed to form tetrabromophenolphthalein in acidic pH region ( Fig. 1(a) ). Therefore, it has been quite difficult to determine the acid dissociation constant by conventional spectrophotometric titration, 19 and acid dissociation constant of TBPE has not been determined. Only the estimated pKa value of 4.5 has been reported. 20 In this study, the acid dissociation equilibrium of gradually degrading TBPE was investigated in an aqueous solution by utilizing the characteristics of CZE separation. Although a considerable portion of TBPE degrades at acidic pH conditions during CZE, the degraded species is resolved from the equilibrium species. Thus the acid dissociation equilibrium of TBPE can be analyzed by measuring the averaged electrophoretic mobility of the residual equilibrium species illustrated in Fig. 1(a) .
Electrophoretic migration of TBPE with acid dissociation equilibrium in the presence of kinetic side reaction is illustrated in Fig. 1(b) . Acid dissociation constant (pKa) of 3.47 for TBPE was successfully determined in this study through the mobility measurements in CZE.
Experimental

Reagents and chemicals
Tetrabromophenolphthalein ethyl ester potassium salt (K·TBPE) was purchased from Nacalai Tesque (Kyoto, Japan). It was dissolved in ethanol at a concentration of 5 × 10 -3 M and used after dilution with purified water. Phenol red (PR) and methyl orange (MO) were obtained from Tokyo Chemical Industry (Tokyo, Japan) and Wako Pure Chemical Industries (Osaka, Japan), respectively; prior to use, they were separately dissolved in purified water at a concentration of 1 × 10 -3 M. Acetic acid, sodium acetate, potassium dihydrogen phosphate, disodium hydrogen phosphate, and sodium tetraborate decahydrate of special grade chemicals were used to adjust the pH of the separation buffer. Also, pH buffers of acetic acid-sodium acetate, potassium dihydrogen phosphate-disodium hydrogen phosphate, sodium tetraborate decahydrate-HCl or -NaOH, and NaOH were prepared at 0.10 M and used at concentrations of 10 mM considering the buffer capacity and electric current of the separation buffer. The buffers covered the pH ranges of 3.9 -6.0 for the acetate buffer, 6.0 -8.3 for the phosphate buffer, 8.8 -11.0 for the borate buffer, and 12.0 for NaOH. Other reagents used were of analytical grade. Water used throughout the study was purified with a Milli-Q Labo System (Nihon Millipore, Tokyo, Japan).
Apparatus
An Agilent Technologies 3D CE (Agilent Technologies, Waldbron, Germany) was used as a CZE system equipped with a photodiode array detector to measure the electrophoretic mobility of TBPE as an analyte. The fused silica capillary used was from GL Sciences (Tokyo, Japan) and had outer and inner diameters of 375 and 75 μm, respectively. The capillary was cut at a length of 64.5 or 34.5 cm, and a photometric detection window was made on both capillaries by burning the polyimide coating at the 8.5 cm point from one end of the capillary. One of the capillaries was held in a thermostat cassette and attached to the CZE system; the temperature of the cassette was controlled at 25 C by circulating temperature-controlled air. The inner wall of the capillary was refreshed every day by sequentially flushing with 0.1 M NaOH for 5 min and with purified water for 5 min before use. The capillary was also flushed with a separation buffer for 2 min before each measurement. Electropherograms were recorded and analyzed by ChemStation software (Agilent Technologies, Ver. 5.01). A Metller Toledo (Greifensee, Switzerland) MP220 pH meter was used for the pH measurement of the separation buffers; it was calibrated daily with standard pH solutions.
Procedure for the CZE measurement
A series of pH buffers were prepared and used to measure the electrophoretic mobility of TBPE. The ionic strength of the separation buffer was in the range between 0.01 and 0.02 M. The separation buffer was put in both anodic and cathodic buffer vials. When measuring at pH conditions of around pKa of TBPE, the sample solution contained 5.0 × 10 -5 M K·TBPE and 1.0 × 10 -5 M PR. Ethanol in the sample solution was 1.0% (v/v); electroosmotic flow (EOF) was monitored with the ethanol or water dip of the sample solution. The solution thus prepared was put in a vial and the vial was set in the CZE system. A short capillary of 8.5 + 26 cm was prerinsed with a particular separation buffer by applying pressure for 2 min, and then the capillary was filled with the separation buffer. After that, a sample solution was injected into the capillary from its shorter end to the detector (8.5 cm) by applying pressure for 5 s at 50 mbar. Polarity of the injection end of the capillary was to be anodic. Both ends of the capillary were soaked in the cathodic and anodic separation buffer vials again, and a DC voltage of 15 kV was applied to the capillary for zone electrophoresis. Analytes of TBPE and PR, as well as the EOF, were photometrically monitored at 196 nm. Three or more measurements were made with each separation buffer to obtain a mean electrophoretic mobility.
Effective electrophoretic mobility, μep′, was calculated in an ordinary manner using the capillary length (LT), effective capillary length from the injection point to the detection point (Leff), the applied voltage (V), and migration times of the analyte (t) and EOF (tEOF) as in Eq. (1).
The acid dissociation constant, Ka, was determined by analyzing the changes in the electrophoretic mobility of the analyte.
Determination of acid dissociation constant of TBPE
Capillary zone electrophoresis has widely been used to determine acid dissociation constants through the measurement of electrophoretic mobility. The CZE analysis is based on the deprotonation or protonation of an acid or base with varying pH, which results in changes in the charge and electrophoretic mobility of the acid or base. Acid dissociation equilibrium and acid dissociation constant of protonated HTBPE are written in reaction (2) and Eq. (3), respectively.
Effective electrophoretic mobility of TBPE (μep′TBPE) is derived from those of HTBPE and TBPE -, and μep′TBPE can be written as in Eq. (4) from the mass balance for TBPE and Eq. (3). 
where μep,HTBPE and μep,TBPE-are the electrophoretic mobility of HTBPE and TBPE -, respectively. Since HTBPE is electrically neutral, a value of μep,HTBPE is essentially zero and the first term of the right-hand side is omitted in the analysis of the Ka value. Additionally, Eq. (4) was handled as in Eq. (5) to deal with the pH conditions and to give a pKa value as an analysis result. 
Electrophoretic mobility of ionic species may change with the environment of the separation buffer such as ionic strength, temperature, and viscosity of the solution, and therefore, electrophoretic mobility of TBPE was standardized with that of PR by division to determine the pKa value, as in Eq. (6). 21 was adopted in this study for the non-linear least-squares analysis.
Results and Discussion
Electrophoretic migration of TBPE and its species in an aqueous solution
As a preliminary experiment, capillary zone electrophoresis of TBPE was examined over a wide pH range between 4.91 and 11.96. In a series of experiments, a standard-length capillary of 56 + 8.5 cm was used; effective 56 cm is the separation length. Detection wavelength at 196 nm was chosen because any aromatic moiety of analytes would be detected. To validate the electrophoretic mobility of TBPE, MO was also monitored because it is a stable monoanion over the pH range examined. Zwitterionic MO releases H + to be a monoanion with its pKa of 3.46. 22 The electropherograms are shown in Fig. 2 . It is noted in Fig. 2 that both TBPE and MO migrate slower than the EOF; they are anionic over the pH range. Although the signal height for MO did not change so much in the electropherograms, the signal for TBPE was low with such separation buffers with low pH as shown in (a) and (b) of Fig. 2 . Further, it was difficult to detect the signal for TBPE at a separation pH below 4.9. These results suggested the degradation of TBPE at acidic pH conditions as illustrated in Fig. 1 . Electrophoretic mobility of TBPE and MO have been calculated using Eq. (1), and their μep′ values are plotted against pH; the results are shown in Fig. 3 . Electrophoretic mobility of TBPE and MO are almost identical over the pH range between 5 and 10, but a little elevated in weakly alkaline aqueous solutions. When the electrophoretic mobility of TBPE was standardized with that of MO by division, the deviation contracted; the standardized value is in the range between 0.746 and 0.774. The almost identical ratio of the observed μep′ values confirms that TBPE is monoanion over the pH range between 5 and 12, and it is TBPE -, as is illustrated in Fig. 1 . It is also noted from the results in Figs. 2 and 3 that TBPE gradually degraded at weakly acidic pH conditions by hydrolysis of the ester moiety, 19 while it is a stable anion in weakly alkaline solutions. Degradation of TBPE in an acidic aqueous solution is an obstacle to investigate the acid-base property of TBPE, which lead us to further experiments.
Determination of acid dissociation constant of TBPE through electrophoretic mobility measurement
It was found in the previous section that TBPE degrades at an acidic pH below 5 where protonation to TBPE -occurs. Thus, two improvements were made to investigate the acid-base equilibrium of TBPE, which gradually degrades in weakly acidic conditions. To detect TBPE before its degradation, a shorter capillary of 26 + 8.5 cm in length was prepared and an effective separation length of 8.5 cm was chosen.
The concentration of analyte TBPE was also elevated. Even though most of the TBPE may degrade during the electrophoresis, residual TBPE of its equilibrium species enabled us to detect it. Thus, the concentration of TBPE was set at 5 × 10 -5 M, considering the buffer capacity of the separation buffer. Electropherograms for TBPE under such conditions are shown in Fig. 4 . Phenol red was monitored in a series of measurements at its concentration of 1 × 10 -5 M. Anionic species of PR changes from monoanion to dianion by acid dissociation with its pKa value of 7.69 22 or 7.88 (I = 0.03). 8 Thus PR was monoanion over the pH range examined. In Fig. 4 , TBPE was detected within 4 min or less. While symmetrical signals were obtained with TBPE at pHs 5.58 and 6.09, the signals were tailing ones with decreasing pH of the separation buffer. The tailing of the signals suggests that TBPE became more anionic by the kinetic side reaction during the electrophoresis. The result agrees with the reaction of TBPE illustrated in Fig. 1 ; hydrolysis of the ester moiety yields an anionic carboxylate moiety. Any leading signal or shot-noise like signal was not observed. The results suggest that there was no formation of any precipitate species of HTBPE. Thus, the advantage of using CZE for the determination of acid dissociation constant has been demonstrated in this study; analysis can be made at sufficiently low concentrations. As for the signal of TBPE, the tailing became steeper and signal top was slipped lower with decreasing pH of the separation buffer. However, objective equilibrium could be analyzed, as far as the equilibrium signal is detected by CZE. Position of the signal top corresponding to the equilibrium species was read out from the electropherograms, and separation pH of 3.97 was the lowest pH condition to detect the peak top of the TBPE signal as shown in Fig. 4(a) . It was not successful to read out the signal top more distinctly at different wavelengths or with spectrum, because degraded product of tetrabromophenolphthalein also possess absorption band over UV-visible range.
Electrophoretic mobility of equilibrium species of TBPE over the pH range was plotted in Fig. 5(a) . The electrophoretic mobility tended to decrease with decreasing pH of the separation buffer. In the acid-base reaction of TBPE as illustrated in Fig. 1 , the charge of TBPE changes from -1 to zero with decreasing pH. It is fortunate that the protonated form of TBPE, HTBPE, is neutral and the electrophoretic mobility of HTBPE is zero. Thus, detailed measurements of electrophoretic mobility of TBPE are not required in the more acidic pH region.
The electrophoretic mobility of TBPE was standardized against PR; results are shown in Fig. 5(b) . The acid dissociation constant of TBPE was determined through the standardized mobility data using Eq. (6), and pKa value of 3.47 ± 0.06 (I = 0.01, 25 C, error: standard error) was determined. A curve in Fig. 5(b) is the simulated μep′TBPE/μep′PR values using the optimized μep,TBPE/μep,PR and pKa values. In this way, the acid dissociation constant of TBPE was successfully determined even in gradually degrading conditions. When the less distinct signal top observed in the electropherogram as in Fig. 4(a) was excluded from the pKa analysis and the mobility data at pH over 4.0 that was used for the determination of acid dissociation constant, pKa value of 3.41 ± 0.06 (error: standard error) was obtained. Both results are acceptable in their error range. However, the exclusion of mobility data at lower pH makes the extrapolation extreme, and simple exclusion is not recommended. If the degradation of TBPE was much slower, or, much faster measurements but precise analysis could be made by CZE, equilibrated signal for HTBPE and TBPE -would have been detected at such pH conditions around and/or below its pKa value, and the pKa value would have been determined more precisely.
Conclusions
Acid dissociation constant of tetrabromophenolphthalein ethyl ester was determined through the measurements of electrophoretic mobility by capillary zone electrophoresis. This study particularly utilizes the CZE separation for the analysis of a fast equilibrium, where gradually degrading species has been resolved as tailing signal from the equilibrium species. Although TBPE degraded in weakly acidic pH conditions, extrapolated pKa value of 3.47 ± 0.06 was determined in the present study.
